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The 58Ni(n,p)58Co and 58Ni(n,2n)57Ni reactions cross sections have been estimated relative to 197Au(n,2n)196Au monitor 
reaction at the incident neutron energy of 14.54±0.0024 MeV from the D-T fusion nuclear reaction using Purnima neutron 
generator carried through methods of activation and off-line γ-ray spectrometry. The uncertainty propagation and correlation 
for measured cross sections have been estimated using covariance analysis through considering the partial uncertainties in 
different attributes. The present measured reaction cross sections data have been analyzed by comparing with the literature 
data, with various libraries of evaluated data, like ENDF/B-VIII.0, JEFF-3.3, JENDL/AD-2017, ROSFOND-2010 and 
TALYS-1.9 theoretical calculations.  
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1 Introduction 
The database of neutron induced reaction cross 
sections in the neutron energy range 12-20 MeV has 
very essential applications in nuclear fusion and 
fission reactors, nuclear technology, validation of 
theoretical nuclear models, testing nuclear reaction 
model, astrophysics, medical and industries1. Nickel 
is a silvery-white lustrous metal, hard and ductile. It is 
an decisive component of many types of materials 
such as steel, cladding alloy link zircaloy-2 in fission 
and fusion reactor technologies 2. The reaction cross 
sections data of nickel could give useful information 
on hydrogen gas production, for estimation of the 
radiation damage to the reactor structural and 
cladding materials3. On the basis of literature review, 
cross sections data are available for 58Ni(n,p)58Co 2-7 
and 58Ni(n,2n)57Ni 2,4,5,7-12 reactions for the neutron 
energy 12-20 MeV. Thus there are a few experimental 
cross section data available for the 58Ni(n,p)58Co and 
58Ni(n,2n)51Ni reactions for the neutron energy at 
14.54±0.0024 MeV. Many cross section data do not 
have uncertainty information due to errors in 
attributes such as half life, gamma abundances, 
efficiency, etc., and detectors, used. The error free 
cross sections data for 58Ni(n,p)58Co and 
58Ni(n,2n)57Ni reactions are still not met the 
requirement and hence need improvement. In view of 
above facts, it is important to study the neutron 
induced cross sections for the 58Ni(n,p)58Co and 
58Ni(n,2n)51Ni reactions for the neutron energy 12-20 
MeV. 
Considering above evidences, the 58Ni(n,p)58Co 
and 58Ni(n,2n)57Ni reactions cross sections have been 
estimated relative to 197Au(n,2n)196Au monitor 
reaction at the incident neutron energy of 
14.54±0.0024 MeV. We followed the methods of 
activation and off-line 𝛾-ray spectromety. The 
58Ni(n,p)58Co and 58Ni(n,2n)57Ni reactions cross 
sections, plotted as a function of neutron energy 
within range of 12-20 MeV. The plotted data are 
analyzed by comparing with the literature data, with 
various libraries of evaluated data and as well as with 
default parameters of TALYS-1.9 13. 
 
2 Experimental Details  
The experiment was carry out by using Purnima 
neutron generator based on the Cockcroft-Walton 
generator at Bhabha Atomic Research Center 
(BARC), Mumbai. The deuterium gas supplied to an 
RF ion source through which D+ ions are generated 
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and collected, focused. The focused D+ ions were 
accelerated and incident on a titanium–tritium (TiT) 
target. The details of Purnima neutron generator are 
given else where14.  
In the current experiment the D+ ion were 
accelerated to 180 kV which was impinged on TiT 
target. The natNi and 197Au foils procured from Alfa 
Aeaser, USA. The natNi and 197Au foils of weights 130 
and 126 mg, respectively, were taken and wrapped in 
a 0.011 mm thick Al foil to protect the targets from 
the radioactive impurities within the targets during 
irradiation. A stack of Ni-Au samples was mounted at 
zero degree angle relative to the beam direction. The 
stack foils of Ni-Au was irradiated for 2 h with the 
neutron beam produced from the 3H(d,n)4He reaction. 
After the irradiation, samples were taken out and 
cooled for 0.2-1.2 h. The γ-emitting samples of Ni-Au 
along with Al wrapper were mounted on separate 
Perspex plates and then taken for γ-ray spectrometry. 
The γ-ray counting of the irradiated foils were 
perform using a Baltic HPGe detector having 30% 
relative efficiency and coupled to a PC-based 4k 
multichannel analyzer. The γ-ray acquisition was 
done using LAMPS (Linux Advance Multi Parameter 
System) software. The resolution of the HPGe 
detector has a FWHM of 1.8 keV at 1.33 MeV γ-ray 
for 60Co. The 152Eu calibration source used to perform 
efficiency calibration of the HPGe detector keeping 
the source at a distance of 1 cm from the detector end 
cap to decrease summing effect.  
 
3 Calculations and Data Analysis  
 
3.1 Efficiency calibration of HPGe detector with uncertainty  
The 152Eu calibration source used to perform 
efficiency calibration of the HPGe detector. The 
source activity (A0) was 5036.89±70.97 Bq as on 1 
October 1999. The efficiency of HPGe detector was 
estimated by the following expression:  
 
𝜀ሺ𝐸ఊሻ ൌ ஼௄಴ ூം஺బ௘షబ.లవయ೟/೅భ/మ  … (1) 
 
where 𝐸ఊ 𝑖𝑠 γ-ray energy, 𝜀ሺ𝐸ఊሻ is efficiency, C is 
detected γ-ray counts for 1293 s from the 152Eu γ-ray 
spectrum,  Tଵ/మ  is half-life (13.517±0.014 y),  
t is elapsed time between date of manufacture of 
calibration source and detector calibration  
(19.62 y). The half-life, γ-ray abundance ൫𝐼ఊ൯ at each 
of the eight γ-ray energies of 152Eu were retrieved from 
Nu Dat 2.715,16. The coincidence summing effect 𝐾஼  
was determined using EFFTRAN code17. The counts 
and auxiliary data presented in Table 1 are then used 
in Eq. (1) to obtain efficiency 𝜀ሺ𝐸ఊሻ at each of the 
eight identified γ-ray energy the data of the same are 
summarized in column 5 of Table 1. 
The methodology for obtaining the covariance 
matrix (𝑉ఌ) is as given in earlier studies18,19. The 
known γ-ray energies of 152Eu source is different from 
characteristic γ-ray energies of the reaction products 
58Co, 57Ni and 196Au. Therefore to determine the 
efficiencies of detector corresponding to the γ-rays of 
58Co, 57Ni and 196Au nuclides, we considered 
following linear parametric function: 
 
𝐼𝑛ሺ𝜀௜ሻ ൌ ෍𝑝௞ሺln ሾ𝐸௜ሿሻ௞ିଵ௠
௞ୀଵ
 1 ൑ 𝑖 ൑ 11, 1 ൑ 𝑘 ൑ 𝑚 
… (2) 
 
We estimated, the goodness of fit value was 
observed for n=4, with ఞ
మ 
ଵଵିସ ൌ 1.444 ൎ 1. We 
consider the following linear parametric model as the 
best model, which is presented below: 
 
𝑙𝑛𝜀 ൌ െ3.652 െ 0.873𝑙𝑛𝐸 ൅ 0.155ሺ𝑙𝑛𝐸ሻଶ ൅0.097ሺ𝑙𝑛𝐸ሻଷ … (3) 
 
Equation (3) was used to estimate the efficiencies 
corresponding to γ-rays emitted from the reaction 
products 58Co, 57Ni and 196Au. Table 2 presents the 
estimated efficiencies of detector corresponding the 
reaction products with correlations. The estimated 
Table 1 — Efficiency calibration of HPGe detector using 152Eu. 
𝐸ఊ (MeV) 𝐼ఊ (%) C Kc 𝜀ሺ𝐸ఊሻ 
0.121 28.53±0.16 71567±1637 1.24 1.30E-01 
0.244 7.55±0.04 12648±240 1.35 9.48E-02 
0.344 26.59±0.20 37870±426 1.15 6.87E-02 
0.411 2.24±0.013 2225±72 1.41 5.86E-02 
0.688 0.86±0.006 725±59 1.09 3.86E-02 
0.778 12.93±0.08 8240±184 1.23 3.29E-02 
0.867 4.23±0.03 2045±77 1.42 2.89E-02 
0.964 14.51±0.07 8114±149 1.16 2.72E-02 
1.112 13.67±0.08 7007±148 1.08 2.34E-02 
1.299 1.63±0.011 592±51 1.41 2.14E-02 
1.408 20.87±0.09 8662±156 1.12 1.95E-02 
 
Table 2 — Interpolated detector efficiencies and correlation matrix 
Nuclide γ-ray 
Energy 
(keV) 
𝜀௖  𝑉ఌ௖ (x10-07) 𝐶ఌ௖ 
58Co 811 0.031 3.594   1   
57Ni 1378 0.015 1.147 1.704  0.463 1  
196Au 356 0.059 5.018 2.419 14.087 0.705 0.494 1 
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efficiencies presented in Table 2 are required for 
further cross sections calculation. The procedure we 
used in estimating the efficiencies corresponding to 
the characteristic γ-rays of reaction products with 
covariance analysis was given in earlier studies20,21.  
 
3.2 Neutron energy calculation  
Geant 4 allows the simulation of the interaction of 
radiation with matter. It is used in applications such as 
high energy physics, space science, astrophysics, and 
medical physics, in detector modeling visualization as 
well as in reverse Monte Carlo simulation22. The 
neutron energy spectrum at 180±0.1 keV deuteron 
energy is simulated using Geant4, in a convolution 
with deuteron energy loss and differential cross 
section. The head geometry and samples is simulated 
in the geometry class22. Deuteron beam diameter, 
shape, energy and energy spread etc are also 
incorporated for the final energy production23. 
Similarly the effect of steel flank, angular coverage of 
sample are also taken into account. The ENDF/B-VI24 
differential cross section was used for calculation. A 
sensitive detector function is defined on the sample to 
read the energy of neutrons hitting on the sample. The 
neutron energy data projected into a histogram and 
normalized with the total number of events. The 
neutron energy spread is calculated from the standard 
deviation of fitted gaussian as (FWHM/centroid). The 
neutron energy is found to be 14.54±0.002 MeV. 
 
3.3 58Ni(n,p)58Co and 58Ni(n,2n)57Ni reactions cross sections 
with covariance analysis 
To estimate the 58Ni(n,p)58Co and 58Ni(n,2n)57Ni 
reactions cross sections at the neutron energy of 
14.54±0.0024 MeV, used the following expression: 
 
𝜎௦ ൌ 𝜎ெ
஼ೄ ఒೄௐ௧ಾ௔ಾ஺ೇೄூംಾఌሺாംሻಾ൫ଵି௘షഊ೟೔ಾ൯
൫௘షഊ೟೏ಾ൯ሺଵି௘షഊ೟೎ಾሻ
஼ಾఒಾௐ௧ೄ௔ೄ஺ೇಾூംೄఌሺாംሻೄ൫ଵି௘షഊ೟೔ೄ൯
൫௘షഊ೟೏ೄ൯ሺଵି௘షഊ೟೎ೄሻ
∏ ሺ஼ೖሻ೘ሺ஼ೖሻೄ௞   
 
… (4) 
 
The subscripts S and M appearing in Eq. (4) 
represents the sample and monitor, 𝜎௦ሺ𝐸௡ሻ and 𝜎ெሺ𝐸௡ሻ represent the reaction cross sections at the 
neutron energy 𝐸௡ respectively, 𝐶ௌ and 𝐶ெ are the 
detected γ-ray peak counts of 58Co, 57Ni respectively, 
𝜆ௌ and 𝜆ெ represent decay constants, 𝑊𝑡ௌ and 𝑊𝑡ெ 
represent weights, 𝑎ௌ and 𝑎ெ represent isotopic 
abundances, 𝐴௏ௌ and 𝐴௏ெ represent average atomic 
masses, 𝐼ఊௌ and 𝐼ఊெ represent the γ-ray abundances, 
𝜀ሺ𝐸ఊሻௌ and 𝜀ሺ𝐸ఊሻெ represent efficiencies of 58Co, 
57Ni radionuclide's respectively, 𝑡௜, 𝑡ௗ and 𝑡஼  
represent irradiation, decay and counting time, ሺ𝐶௞ሻௌ 
and ሺ𝐶௞ሻெ represent the correction factors, where k 
represent the dead time detector and γ-ray self-
attenuation factor (Γ௔௧௧௡ሻ. We estimated self-
attenuation factor (Γ௔௧௧௡ሻ and 𝜇 mass attenuation 
coefficient retrieve from XMuDat ver. 1.0.1 for the 
irradiated foils using procedure given in earlier 
studies25,26. The monitor cross section of 
197Au(n,2n)196Au reaction at the neuron energy 
14.54±0.0024 MeV was obtained by considering the 
cross section values at the nearest energy points, 
which is obtained as 2.1236±0.02049 barns 27. 
The basic nuclear spectroscopic data with 
uncertainties are summarized in Table 3, which are 
retrieved from NuDat 2.7 database16. The terms that 
are observed with error are 𝜎ெ, 𝐶ௌ, 𝐶ெ, 𝜆ௌ, 𝜆ெ, 𝑊𝑡ௌ, 𝑊𝑡ெ, 𝑎ௌ, 𝐴௏ௌ, 𝐴௏ெ, 𝐼ఊௌ, 𝐼ఊெ, 𝜀ሺ𝐸ఊሻௌ , 𝜀ሺ𝐸ఊሻெ, 
ሺΓ௔௧௧௡ሻௌ, ሺΓ௔௧௧௡ሻெ and other terms such as 𝑎ெ,𝑡௜, 𝑡ௗ, 𝑡஼  appearing in Eq. (4) are observed without error. 
The ith, jth entry of covariance matrix 𝑉ఙௌ 
corresponding reaction products estimated as follows: 
 
ሺ𝑉ఙௌሻ௜௝ ൌ෍〖ሺ𝑒〗௞ሻ௜ሺ𝑠௞௟ሻ௜௝〖ሺ𝑒〗௟ሻ௝
௞௟
, 1 ൑ 𝑖, 𝑗 ൑ 3, 1
൑ 𝑘, 𝑙 ൑ 16 
… (5) 
 
where ሺ𝑠௞௟ሻ௜௝ is the correlation between the 𝑘th 
attribute in the ith experiment and 𝑙th attribute in the jth 
experiment and ሺ𝑒௞ሻ௜ ൌ డఙೄ೔డሺ௫ೖሻ೔ ∆ሺ𝑥௞ሻ௜, ሺ𝑒௟ሻ௝ ൌడఙೄೕ
డሺ௫೗ሻೕ ∆ሺ𝑥௟ሻ௝ is partial uncertainties in 𝜎ௌ௜, 𝜎ௌ௝ due to 
the kth, 𝑙th attributes respectively. The fractional 
uncertainties from different attributes present in the 
measured reactions of 58Ni(n,p)58Co and 58Ni(n,2n)57Ni 
Table 3 — Nuclear spectroscopic data of reaction product required for the estimation of 𝜎௦ሺ𝐸௡ሻ. 
Nuclear reaction Threshold energy (MeV) Half-life γ-ray  energy (keV) γ-ray Intensity (%) Decay mode (%) 
58Ni(n,p) 58Co 0.0 70.86±0.06 d 810.7 99.45±0.01 ε (100) 
58Ni(n,2n) 57Ni 12.428 35.60±0.06 h 1377.6 81.70±0.24 ε (100) 
197Au(n,2n)196Au 8.114 6.1669±0.0006 d 355.7 87±3 ε ሺ93ሻ ൅ 𝛽ି(7) 
INDIAN J PURE APPL PHYS, VOL. 58, APRIL 2020 
 
 
244
cross section with respect to 197Au(n,2n)196Au monitor 
reaction are listed in Table 4. The correlations 
obtained between three observations are listed in the 
last column of Table 4. Detailed descriptions on micro 
correlation matrices, the readers are refer 28,29. The 
results of the estimated reactions 58Ni(n,p)58Co and 
58Ni(n,2n)57Ni cross section at the neutron energy of 
14.54±0.0024 MeV with its uncertainties and 
correlations matrix are presented in Table 5. 
 
4 Discussion 
The 58Ni(n,p)58Co and 58Ni(n,2n)57Ni reactions 
cross sections have been estimated relative to 
197Au(n,2n)196Au monitor reaction at the incident 
neutron energy of 14.54±0.0024 MeV through 
methods of activation and off-line 𝛾-ray spectrometry. 
The cross sections of two different reactions were 
determined using ratio method. We determined 
uncertainties considering various attributes in the data 
using the covariance analysis and correlations 
between them. The computer code TALYS-1.9 was 
used for the analysis and prediction of nuclear 
reaction cross sections values based on the nuclear 
models. In the present work, the cross sections for the 
58Ni(n,p)58Co and 58Ni(n,2n)57Ni reactions within the 
neutron energy range of 12-20 MeV were theoretically 
calculated using the TALYS-1.9 code with default 
parameters.  
The cross sections for the 58Ni(n,p)58Co and 
58Ni(n,2n)57Ni reactions from the present work, 
evaluated data, like ENDF/B-VIII.0 30, JEFF-3.3 31, 
JENDL/AD-2017 32 and ROSFOND-2010 33 libraries, 
literature data 2-12 available in EXFOR 34, as well as 
the TALYS-1.9 13 within 12-20 MeV are seen in  
Figs 1 and 2. It can be seen from Figs 1 and 2, that the 
present data at the neutron energy of 14.54±0.0024 MeV 
Table 4 — Fractional uncertainties (%) and correlations of 
measured reactions 
Attributes Nuclide 58Co Nuclide 57Ni Correlation 
𝜎ெ 0.9651 0.9651 fully correlated 
𝐶ௌ 7.3324 5.7354 uncorrelated 
𝐶ெ 0.9293 0.9293 fully correlated 
𝜆ௌ 1.412E-03 1.377E-02 uncorrelated 
𝜆ெ 0.6542 0.6542 fully correlated 
𝑊𝑡ௌ 2.213E-02 2.213E-02 fully correlated  𝑊𝑡ெ 2.283E-02 2.283E-02 fully correlated 
𝑎ௌ 1.322E-02 1.322E-02 fully correlated 
𝐴௏ௌ 6.904E-06 6.904E-06 fully correlated 
𝐴௏ெ 3.046E-07 3.046E-07 fully correlated  𝐼ఊௌ 1.005E-02 2.937E-02 uncorrelated  𝐼ఊெ 0.3448 0.3448 fully correlated 
𝜀ሺ𝐸ఊሻௌ 1.9128 2.6865 uncorrelated 
𝜀ሺ𝐸ఊሻெ 1.9883 1.9883 fully correlated 
ሺΓ௔௧௧௡ሻௌ 0.3037 0.2317 uncorrelated 
ሺΓ௔௧௧௡ሻெ 0.6542 0.6542 fully correlated 
 
Table 5 — The experimentally determined reaction cross sections 
relative to the 197Au(n,2n)196Aumonitor reaction with its 
uncertainty and correlation matrix 
Reaction Cross section (barns) Correlation 
58Ni(n,p)58Co  0.3469±0.02777 1  
58Ni(n,2n)57Ni 0.0247±0.00168 0.1176 1 
 
 
Fig. 1 — Plot of 58Ni(n,p)58Co reaction cross section from
the present work with the literature data, evaluated data of ENDF/
B-VIII.0, JEFF-3.3, JENDL/AD-2017 and ROSFOND-2010 
libraries as well as with TALYS-1.9 as a function of neutron 
energy. 
 
 
 
Fig. 2 — Plot of 58Ni(n,2n)57Ni reaction cross section from the present
work with the literature data, evaluated data of ENDF/B-VIII.0, 
JEFF-3.3, JENDL/AD-2017 and ROSFOND-2010 libraries as well as 
with TALYS-1.9 as a function of neutron energy. 
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is in well agreement with the theoretical value from 
TALYS-1.9 and with ENDF/B-VIII.0, JEFF-3.3, 
JENDL/AD-2017 and ROSFOND-2010 libraries as 
well as with the literature data. 
 
5 Conclusions  
The 58Ni(n,p)58Co and 58Ni(n,2n)57Ni reactions cross 
sections have been measured relative to the 
197Au(n,2n)196Au monitor reaction at the neutron energy 
of 14.54±0.0024 MeV by using the methods of 
activation and off-line 𝛾-ray spectrometry. The 152Eu 
calibration source used to perform efficiency calibration 
of the HPGe detector with covariance analysis. We 
executed covariance analysis method to estimate 
uncertainties of the cross sections data, which was 
carried out using error analysis and micro-correlation. 
The uncertainty in the measured cross sections were 
found within the range of 6-8%. The 58Ni(n,p)58Co and 
58Ni(n,2n)57Ni reactions cross sections from the present 
studies have been compared and found to be in well 
agreement with the evaluated data of various libraries, 
literature data and TALYS-1.9. 
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